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ABSTRACT
The Energy Research and Development A dm in istra tion  i s  cu rre n tly  
in v e s tig a tin g  th e  p o s s ib i l i ty  of using  th e  S a lt  Valley a n t ic l in e  in  th e  
Paradox b asin  of so u th easte rn  Utah fo r  th e  re t r ie v a b le  s to rag e  of s o l id  
n u c lea r w aste. D e lin ea tio n  of th in ,  f lu id - s a tu ra te d  in te rb ed s  w ith in  th e  
s a l t  core of t h i s  s tru c tu re  w i l l  allow  is o la t io n  of th e  waste from th e  
environm ent.
A nalysis of 50 k ilo m eters  o f conventional r e f le c t io n  seism ic d a ta  
using  su rfa ce  a rray s  and both im pulsive (dynamite) and c o n tro lle d  
(V ib roseis ) sources in d ic a te s  th a t  th e  p o te n tia l  e x is ts  f o r  shallow  
mapping of high ac o u s tic  impedance th in  beds in  an e s s e n t ia l ly  homogen­
eous s a l t . However, computer r a y - tr a c e  modeling of h y p o th e tic a l th in  
beds in  s a l t  re v e a ls  th a t  th e  frequency and s p a t ia l  re so lu tio n  of most 
a v a ila b le  petroleum  seism ic d a ta  i s  in s u f f ic ie n t  to  provide the. re q u ired  
d e ta i l  needed fo r  mapping very th in  (5  -  70 m eters) g ro ss ly  deformed 
in te rb e d s  a t  shallow  depths ( le s s  than 750 m eters). For th e se  d a ta , f r e ­
quencies on th e  o rder 500 -  1000 h e r tz  and su rface  a r r a y  len g th s  of le s s  
than  350 m eters a re  recommended. F u rth e r co n sid e ra tio n  should be given 
to  th e  b u r ia l  of sources and re c e iv e rs  in  order to  a tte n u a te  su rface  
n o ise . ......
C o rre la tio n  of th e  r e f le c t io n  seism ic d a ta  w ith a v a ila b le  w ell d a ta  
and su rfac e  geology over l in e a r  s a lt- c o re d  a n t ic l in e s  in  th e  northw est
*
Trademark C on tinen ta l O il Company
i i i
T 1882
Paradox b a s in , Utah re v e a ls  a  complex, s t r u c tu r a l ly  in i t i a t e d  piercem ent 
d ia p i r  whose upward flow was m aintained by ra p id  contemporaneous f la n k  
d ep o sitio n  of c o n tin e n ta l e l a s t i c s .  Severe co llap se  f a u l t in g  near the  
c r e s ts  of th ese  s tru c tu re s  has d is to r te d  th e  se ism ic response. Evidence 
e x is t s ,  however, th a t  i n t r a - s a l t  th in  beds of an h y d rite , dolom ite and 
b lack  sh a le  a re  mappable e i th e r  as s h o r t ,  d iscon tinuous segments or as 
am plitude anom alies w ith in  th e  s a l t  due to  buried  fo cu sin g . Computer 
modeling o f  th e  fo ld ed  in te rb e d s  confirm s both of th e se  as p o ss ib le  
causes fo r  th e  i n t r a - s a l t  seism ic response observed on th e  d a ta .
P re d ic tio n  of th e  se ism ic s ig n a tu re s  from th e  in te rb ed s  can be made 
from computer s im u la tion  of th e  subsurface ac o u s tic  param aters and geo­
m etry. For im pulsive source d a ta , a minimum phase w avelet provides a 
good approxim ation to  th e  th in  bed s ig n a tu re . However, as in te rb e d  
th ick n esses  approach th e  wavelength of th e  assumed w avelet, in te rfe re n c e  
between r e f le c t io n s  from th e  to p  and bottom o f  th e  th in  beds, d i s to r t  th e  
s ig n a tu re  and a sym m etrical s ig n a tu re  r e s u l t s .
The major d i f f i c u l ty  in  using  petroleum  seism ic r e f le c t io n  d a ta  to  
map th in ,  high-impedance in te rb ed s  in  s a l t  i s  th e  lack  of s u f f ic ie n t  
f i d e l i t y  to  p rov ide d i r e c t  evidence of t h e i r  p resence. However, th e  in ­
d i r e c t  in d ic a tio n s  p re se n t on th ese  d a ta  an d iscon tinuous seism ic events 
suggests  th a t  re finem ents and d i f f e r e n t  geophysical techniques would 
allow  d i r e c t  d e te c tio n  of th e  in te rb ed s  in  s a l t . ’ These methods should 
in c lu d e :
a . ) V e r tic a l  seism ic p ro f i l in g .




reco rd in g , 
c . )  D e ta iled  borehole su rv ey .
R esu lts  o f th i s  study may provide g u id e lin es  f o r  th e  approach to  o th e r  
geophysical problems re q u ir in g  d e ta i le d  shallow  mapping of th in  high 
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The S a lt  Valley a n t ic l in e ,  a  major l in e a r  s a l t  d ia p ir  in  th e  Paradox 
Basin of so u th easte rn  Utah (F ig . l ) ,  i s  cu rre n tly  under co n sid e ra tio n  by 
th e  Energy Research and Development A dm inistration (ERDA) as a p o ss ib le  
lo c a tio n  f o r  th e  r e t r ie v a b le  s to rag e  of h ig h ly -ra d io a c tiv e , th e rm ally - 
h o t, s o l id  n u c lea r w aste. The S a l t  V alley a n t ic l in e  q u a l i f ie s  as a poten­
t i a l  waste emplacement s i t e  because:
a . )  I t  i s  a g eo lo g ica lly  s ta b le  fe a tu re  (H ite and Lohman, 1973)?
b . )  I t  i s  lo c a te d  in  an a re a  which i s  g eograph ically  remote 
b u t a c c e ss ib le  by e x is t in g  modes of tra n sp o r ta tio n ;
c . )  I t  has h i s to r i c a l ly  been an a rea  of l i t t l e  or no economic
in t e r e s t .
Another im portant c r i te r io n ,  th e  degree of is o la t io n  of th e  d ia p i r  from 
th e  ad jacen t environment, has y e t to  be f u l ly  evalua ted .
Well c o n tro l in  ad jacen t d ia p i r ic  s tru c tu re s  and th e  d e ta i le d  map­
ping  of th e  Cane Creek a n t ic l in e  (Evans and Linn, 1970), where a commercial
po tash  mine i s  lo ca ted  re v e a ls  th e  presence of in te n se ly  deformed th in
i(5  - 70 m eters) in te rb e d s  of an h y d rite , dolom ite, and b lack  sh a le  w ith in
th e  h a l i t e  co re . These th in  beds a re  known to  co n ta in  lo c a l  accum ulations
of connate w ater and o ver-p ressu red  hydrogen s u lf id e  gas (Leonard M. Gard, 
o r a l  commun., 1976). The major o b je c tiv e  of th i s  re p o r t  i s  to  determ ine 
whether o r no t th e  d is t r ib u t io n  of th e  high impedance th in  beds can be 
i
The "black sh a le"  re fe r re d  to  in  much of th e  l i t e r a t u r e  i s ,  in  f a c t ,  
o rg a n ic -r ic h  dolom ite. This convention w il l  be m aintained in  th i s  re p o r t .
ARTHUR CAKES LIBRARY! 
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d e te c te d  a t  shallow  depths ( le s s  than  750 m eters) from conventional p e tro ­
leum seism ic r e f le c t io n  d a ta . A dd itional o b jec tiv es  includes
a . ) The in te rp re ta t io n  and c o r re la t io n  of e x is t in g  seism ic d a ta , 
borehole d a ta  and su rface  geology (F ig . 2) and th e  a n a ly s is  of th e  growth 
h is to ry  of th e  S a l t  V alley a n t ic l in e .
b . )  The determ ina tion  of th e  minimum accep tab le  seism ic re so lu tio n  
needed and th e  maximum o b ta in ab le  w ith conventional methods.
c . ) The is o la t io n  and id e n t i f ic a t io n  of se ism ic s ig n a tu re s  from 
th in  beds in  a homogeneous medium.
d . ) The proposal of recommendation fo r  f u r th e r  s tu d ie s  and th e  
p o ss ib le  a p p lic a tio n s  in  o th e r a reas  of- s im ila r  subsurface  geometry and 
high a co u s tic  c o n tra s t .
Three m u lti- fo ld  seism ic r e f le c t io n  p r o f i le s  (50 km) obtained  from 
th e  petroleum  in d u stry  were ex ten s iv e ly  processed and in te rp re te d . More­
over, a  su b su rface , r a y - t r a c e ,  computer modeling system was used to  f o r ­
m ulate h y p o th e tic a l models of bo th  th e  in te rn a l  and e x te rn a l s tru c tu re  of 
a s a l t  a n t ic l in e .  The r e s u l ta n t  sy n th e tic  seism ic s e c tio n s  were used to  
t e s t  th e  v a l id i ty  of th e  in te rp r e ta t io n .  The computer modeling was 
f u r th e r  used to  d e fin e  re so lu tio n  problems in h e ren t in  d i g i t a l  seism ic 
r e f le c t io n  p ro f i l in g  and to  suggest p o ssib le  so lu tio n s  ap p licab le  to  th e  
s p e c if ic  problem.
T 1882 4
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F igure 2 -  Surface Geology map of the Sa lt  Valley  
a n t ic l in e , Paradox b a s in , Ut a h .
( from Wi l l ia m s , 1964)
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REGIONAL GEOLOGIC SETTING
The Paradox "basin (F ig . l )  covers approxim ately 25»000 square k i lo ­
m eters of southern  Colorado and Utah. The basin  extends roughly n o rth ­
westward from th e  Four Com ers a re a . I t  i s  flan k ed  by th e  Monument and 
D efiance u p l i f t s  on th e  sou th , th e  San R afae l sw ell on th e  no rthw est, and 
th e  Uncompahgre u p l i f t  to  th e  n o r th e a s t. The e a s te rn  jedge of th e  Paradox 
b asin  i s  marked by th e  San Juan mountain range of s o u th -c e n tra l Colorado; 
The southw estern p a r t  of th e  Paradox b as in  co n ta in s th e  Aneth f i e l d  where 
o i l  i s  produced from an a lg a l  mound o f Pennsylvanian age. The Pennsyl­
vanian s t r a t a  in  th e  b asin  c o n s is t  of c o n tin e n ta l and shallow  marine 
sh a le  and sandstone u n its  which grade basinward in to  s h e lf  carbonates 
and e v ap o rite s . In  th e  deepest p a r t  of th e  b asin  (designated  th e  Uncom­
pahgre trough by H ite  and Lohman, 1973)* "the ev ap o rite  u n its  have flowed 
ex ten s iv e ly  so th a t  they now form a  n o rth w est-so u th eas t tre n d in g  b e l t  of 
s a lt- c o re d  a n t i c l in a l  s tr u c tu re s .  The S a l t  V alley a n t ic l in e  l i e s  a t  th e  
northw est end of t h i s  tre n d . I t  i s  an ex tension  o f th e  F ish e r  V alley and 
Sinbad V alley a n t ic l in e s  to  th e  so u th e a s t. The S a l t  V alley a n t ic l in e  i s  
bounded by th e  Courthouse sy n c lin e  and th e  Sevenmile a n t ic l in e  to  th e  
so u th . I t  th in s  d ram atica lly  to  th e  n o rth  where sedim ents a re  tru n c a ted  
a g a in s t f a u l te d  Precambrian c r y s ta l l in e  ro ck s . S o lu tio n  by ground w ater 
n ea r th e  su rface  of th e se  l in e a r  d ia p ir s  has r e s u l te d  in  th e  co llap se  of 
younger s t r a t a  in to  long graben s tru c tu re s .  These grabens a re  m anifested 
in  th e  p resen t topography by f l a t ,  l in e a r  v a lley s  which a re  covered with-
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a th in  veneer of Q uaternary alluvium . P erco la tio n  of ground w ater and 
chemical leach ing  of t r a c e  m inerals in  th e  shallow  sedim ents has r e s u l t ­
ed in  th e  form ation of a th ic k , r e s i s ta n t  cap over th e  s a l t .  In  th e  
S a l t  V alley a n t ic l in e ,  th e  cap rock  reaches th e  su rface  and extends to  
200 -  250 m eters in  depth .
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STRATIGRAPHIC FRAMEWORK AND 
ASSOCIATED ACOUSTIC PROPERTIES
The p o st-M ississ ip p ian  l i th o lo g ie s  in  th e  S a lt-A n tic lin e  reg ion  and
th e i r  a c o u s tic  p ro p e rtie s  a re  summarized in  Table 1 and in  Fig-. 3 . The
rem ainder of th i s  s e c tio n  d iscu sses  th ese  c h a ra c te r is t ic s  in  d e ta i l .
The o ld e s t  p o s t-M iss is s ip p ia n  s t r a t a  in  th e  v ic in i ty  o f th e  S a l t  
V alley  a n t i c l i n e  a re  re p re se n te d  by th e  Molas. Form ation (P en n sy lv an ian ).
I t  r e s t s  uriconformably on M ississipp ian  k a r s t  topography and c o n s is ts  of | 
conglom erates, red  c lay sto n e  and s i l t s to n e  u n i ts ,  and lo c a l ly , f o s s i l i f -  
erous, brown-grey lim estone. The Molas i s  no t g en era lly  p re sen t reg io n ­
a l ly ,  bu t i t  i s  id e n t i f ia b le  in  many of th e  w ells  c lo se  to  th e  S a l t  
V alley a n t ic l in e  (H ite , i 960).
. The Molas Formation i s  o v e rla in  by th e  Hermosa Group of Pennsylvanian
age. In  ascending o rd e r, th e  Hermosa i s  subdivided in to  th e  P inkerton
T ra i l  Form ation, th e  Paradox Form ation, and th e  Honaker T ra i l  Formation 
(Peterson  and Ohlen, 1963). Other au th o rs , no tab ly  H ite  and Lohman (1973)» 
and C ater (1970), c la s s i fy  th e  Hermosa as a form ation and th e  th re e  d iv i ­
s io n s  as th e  Lower Member, Paradox Member, and Upper Member re sp e c tiv e ly .
The Lower Member of th e  Hermosa Formation c o n s is ts  of an h y d rite , o rgan ic- 
r ic h  lim estone and sh a le  u n i ts ,  and lo c a l  dolom ite and s a l t .  The Lower 
Member of th e  Hermosa Formation grades v e r t ic a l ly  in to  th e  overly ing  P ara­
dox Member. This u n it  c o n s is ts  p r in c ip a lly  of s a l t . The Paradox s a l t  i s  
th e  p r in c ip a l  d ia p i r ic  rock in  th e  Paradox b as in . O rig in a l th ick n ess  of the  
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p la s t ic  flow  have com pletely e lim in ated  th e  s a l t  in  some areas  w hile con­
c e n tra tin g  as much as 4 ,300 m eters of h a l i te  in  th e  ad jacen t a n t ic l in a l  
co res . The base of th e  Paradox Member i s  c h a ra c te r iz e d  by a  high concen­
t r a t io n  of an h y d rite , b lack  sh a le , and do lom itic  lim estone in te rb ed s  w ith  
some potash  s t r in g e r s .  The presence of th e se  in te rb ed s  i s  markedly r e ­
duced in  th e  upper p a r t  of th e  Paradox Member where th ic k  la y e rs  of alm ost 
pure h a l i t e  a re  ev id en t. In  o th e r p a r ts  of th e  Paradox b a s in , th e  in te rb e d s  
w ith in  th e  Paradox s a l t  have been designated  as th e  Ismay, D esert Creek, 
Akah, and Barker Creek Cycles (Peterson  and Ohlen, I 963) . H ite  ( I 96I )  
num erically  id e n t i f ie d  n ea rly  t h i r t y  d i s t in c t  cycles of s a l t ,  an h y d rite , and 
b lack  sh a le  in  th e  Cane Creek a n t i c l i n e , but c o r re la t io n  between th ese  d a ta  
and th o se  a v a ila b le  in  th e  S a l t  V alley a n t ic l in e  i s  poor. The th ic k  Upper 
Hermosa Member (Honaker T ra i l  Form ation) con tains f lu v i a l ,  p o o rly -so rte d , 
ca lcareous s i l t s to n e s ,  a rk o sic  sandstones, and carbonates. The Upper 
Hermosa Member i s  conunonly m issing over th e  c re s ts  of th e  a n t ic l in e s ,  bu t 
i s  th ic k e r  toward th e  basin  axes on th e  f la n k s  of th e  s tru c tu re s .  The high 
a co u s tic  c o n tra s t between th e  Upper Hermosa and th e  low d e n s ity -v e lo c ity  
Paradox s a l t  r e s u l t s  in  a  sharp  negative  r e f le c t io n  c o e f f ic ie n t  which can 
be expected to  map as a trough on a seismogram, w hile th e  opposite  c o n tra s t 
e x is ts  a t  th e  boundary between th e  Paradox Member and th e  h ig h -v e lo c ity , 
high -d en sity  Lower Member (P inkerton  T ra i l  Form ation). This in te r f a c e ,  
th en , should appear as a d i s t in c t  peak on a seisih ic p r o f i le .
The C u tle r Formation of Permian age i s  th e  th ic k e s t  sedim entary u n it  
in  th e  S a l t  A n tic lin e  reg io n . I t  g en era lly  l i e s  conformably on th e  Hermosa 
Group although d e ta i le d  geologic mapping in d ic a te s  th a t  th i s  co n tac t may
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be lo c a l ly  unconformable (C ater, 1970)• The d r a s t ic a l ly  vary ing  th ic k ­
ness in  th e  C u tle r (0 -  2,750 m eters) and th e  v a r ia t io n  in  l i t h i c  charac­
t e r i s t i c s  throughout t h i s  u n it  in d ic a te  extrem ely ra p id  sed im entation  and 
subsidence. The lower p a r t  of th e  C u tle r c o n s is ts  of p o o rly -so rte d  a rk o sic  
sandstone, s i l t s to n e ,  and conglomerate u n its  of f lu v ia l  o r ig in ,  whereas 
th e  upper p a r t  i s  arkose and red  sh a le  of f lu v ia l  o r ig in , and r e la t iv e ly  
c lean  qu artzo se  sandstone of ae o lia n  o r ig in . The base of th e  C u tler 
Formation con ta in s a r e s i s ta n t  marine lim estone which, although p e r s is ­
t e n t ,  i s  no t always id e n t i f ia b le  as a sep ara te  u n i t .  This i s  c a lle d  th e  
Rico Formation i s  some re fe re n c es  (E lston  and Landis, i 960).
The T r ia s s ic  System i s  rep re sen ted  in  ascending order by th e  Moen- 
kopi Form ation, th e  Chinle Form ation, and th e  Glen Canyon Group. The 
Moenkopi r e s t s  unconformably on th e  C u tle r Formation and c o n s is ts  of 
shallow -m arine brown sh a le , mudstone and a rk o sic  sandstone u n i ts .  Thin 
gypsum beds a re  found throughout th e  Moenkopi Form ation. The middle 
T r ia s s ic  Chinle Formation i s  p rim arily  f lu v ia l  in  o rig in  and con ta ins 
w e ll-so r te d  e la s t ic s  in terbedded  w ith  lim estone and d o lo m ite . A pebbly 
conglomerate u n it  i s  lo c a te d  n ear th e  base. The Chinle Formation provides 
a  good ac o u s tic  c o n tra s t ,  and u su a lly  appears as a  r e f le c t io n  peak (p o si­
t iv e  r e f le c t io n  c o e f f ic ie n t) ,  and a  dependable seism ic index marker except 
in  zones where i t  i s  in te n se ly  f ra c tu re d . The Glen Canyon Group, c o n s is t­
ing  in  ascending o rder of th e  r e s i s ta n t  W ingate, Kayenta, and Navajo 
Form ations, forms many of th e  p la te au s  cropping out on th e  f la n k s  of th e
s a l t  r id g e s  in  th e  Paradox b a s in . The Wingate i s  p rim arily  sandstones
*
and s i l t s to n e s  of f lu v ia l  o r ig in  w ith minor s h e lf  carbonates and t ra c e
T 1882 12
m in e ra liz a tio n . The Kayenta Formation c o n s is ts  o f a l te rn a t in g  pink 
micaceous sandstone, s i l t s t o n e ,  and shallow  marine sh a le s . D iagenetic  
k a o lin  i s  p re sen t in  most of th e  sandstone cycles  w ith in  th e  Kayenta.
The upper form ation in  th e  Glen Canyon Group, th e  Navajo Form ation, i s  
c lean , poorly-cem ented sandstone w ith  w ell-rounded g ra in s . The Navajo 
Formation i s  of aeo lian  o r ig in . The Glen Canyon Group, although a r id g e  
form er in  th e  S a l t  A n tic lin e  reg io n , i s  u su a lly  d i f f i c u l t  to  map se ism ic- 
a l ly  because of low a c o u s tic  c o n tra s t  w ith th e  overlay ing  s t r a t a ,  and 
because th e  th ick n ess  averages le s s  than  200 m eters (H ite and Lohman, 1973).
Another unconform ity i s  p re sen t between th e  Navajo and th e  Entrada 
Form ations. The E ntrada Form ation, of Ju ra s s ic  age, i s  th e  lower u n it  in  
th e  San R afae l Group which a lso  in c lu d es th e  Summerville Form ation. The 
Entrada i s  fu r th e r  subdivided in to  th re e  members which in  ascending 
o rder ares 1 . )  th e  Dewey Bridge Member c o n s is tin g  o f redbeds, sandstones, 
and s i l t s to n e s ;  2 .)  th e  S lic k  Rock Member c o n s is tin g  of c lean , f in e ­
g ra ined  sandstone; and 3«) th e  Moab Member which i s  very c lean , w h ite , 
f in e -g ra in e d  sandstone. The members w ith in  th e  E ntrada Formation a re  
no t a l l  p re sen t re g io n a lly , but form tongues which g ive  r i s e  to  th e  wide 
v e r t ic a l  l i t h i c  v a r ia t io n s  in  th e  Entrada Form ation. The E ntrada has a 
marked v e r t ic a l  g ra d ien t in  i t s  in te rv a l  v e lo c ity  and g e n e ra lly , th e  
Etatrada-Navajo in te r f a c e  i s  mappable on a se ism ic s e c tio n  as a d i s t i n c t  
trough . The upper u n it  in  th e  San R afael Group, th e  Summerville Formation, 
i s  a  th in  sequence of sandstone, mudstone, and shallow -m arine sh a le .
Because th e  v e lo c ity  and d en s ity  c o n tra s t  between th e  Summerville and 
th e  Moab Member of th e  Entrada Formation i s  s l i g h t ,  t h i s  in te r f a c e  i s
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d i f f i c u l t  to. map on most seism ic p r o f i le s .
The Morrison Form ation, of L a te  Ju ra s s ic  age, conformably- o v e r lie s  
th e  Summerville Form ation. The Morrison i s  d iv ided  in to  two members; 
th e  o ld e r S a l t  Wash Member, which c o n s is ts  of sandstones and f re s h  w ater 
lim esto n es , and th e  younger Brushy Basin Member which co n ta in s  b e n to n itic  
mudstone, re d  sandstone, lim estone , s i l t s to n e ,  and a th in  conglom erate.
The Morrison Formation provides a good aco u s tic  c o n tra s t w ith  th e  Summer­
v i l l e  Form ation, and t h i s  in te r f a c e  i s  l ik e ly  th e  one being  mapped as 
th e  to p  of th e  Entrada Formation on many seism ic s e c t io n s .. Where p re s e n t , 
t h i s  co n tac t i s  mappable as a se ism ic trough.
The Burro Canyon Formation of Cretaceous age l i e s  conformably on 
th e  Brushy Basin Member of th e  M orrison. This form ation i s  no t re g io n a lly  
rep re sen ted  in  th e  Paradox b a s in , bu t e x is ts  in  th e  lo c a l i ty  of th e  S a l t  
V alley a n t ic l in e .  In  many a re a s , th e re  i s  l i t t l e  or no d is t in c t io n  made 
between th e  sandstone, conglom erate, and v a rieg a ted  sh a le  of th e  Burro 
Canyon Formation and th e  l i th o lo g ie s  in  th e  overly ing  Dakota Formation.
The p r in c ip a l  d is t in c t io n  between th e  Burro Canyon Formation and th e  
Dakota Form ation, which i s  a lso  of Cretaceous age, i s  an unconformity 
which i s  apparent i s  some a re a s . The top  of th e  Dakota Formation provides 
th e  b e s t shallow  seism ic marker in  th e  a rea . The Dakota c o n s is ts  of co arse , 
r e s i s ta n t  sandstone, v a rieg a ted  sh a le , lo c a l coa l seams, and a b asa l c h e r t- 
pebble conglom erate.
The youngest s tra ta g ra p h ic  u n it  in  th e  S a l t  A n tic lin e  reg io n  i s  th e  
Mancos Formation (C retaceous). The Mancos i s  a  f r i a b l e ,  f o s s i l i f e r o u s ,
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dark-grey  sh a le  of marine o r ig in . Some in terbedd ing  of th e  Mancos w ith 
sandstone and b en to n ite  occurs a t  dep th . Except where i t  i s  th in ly  
covered w ith Quaternary alluvium , th e  th ic k  Mancos sh a le  i s  a shallow  
cover in  th e  S a l t  V alley a n t ic l in e  a re a  and throughout most of th e  n o rth ­
w estern Paradox b asin .
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INVESTIGATIVE PROCEDURES
The in v e s tig a tio n  of th e  S a l t  Valley a n t ic l in e  reg io n  was d iv ided  
in to  fo u r phases:
a . ) a c q u is it io n  of se ism ic r e f le c t io n  d a ta  and an a ly s is  of 
f i e ld  param eters;
b . ) experim ental seism ic d a ta  p rocessing  in  o rder to  ob ta in  
maximum re so lu tio n  from th e  e x is t in g  seism ic p ro f i le s ;
c . )  c re a tio n  of sy n th e tic  seismograms from in te g ra te d  a c o u s tic  
logs and c o r re la t io n  w ith  th e  seism ic da ta  and o th e r subsurface  w ell log  
in form ation ; and
d . ) computer modeling o f h y p o th e tic a l subsurface  geology.
The computer subsurface modeling, due to  i t s  in te rp re t iv e  n a tu re  and 
broad, scope, w il l  be d iscu ssed  l a t e r  in  t h i s  paper.
Seism ic F ie ld  Param eters
Three m u lti- fo ld  common-depth-point seism ic p r o f i l e s ,  one over th e  
S a l t  V alley a n t ic l in e ,  were ob tained  from th e  petroleum  in d u stry . The 
p r in c ip a l  a rea  of in t e r e s t  f o r  th e se  in d u stry  sources was th e  deeper 
f la n k  and b asa l M ississip p ian  sedim ents r a th e r  than in t e r io r  s a l t  s tr u c tu re .  
A summary of th e  se ism ic f i e ld  param eters fo r  th e  th re e  p r o f i le s  i s  p re ­
sen ted  in  Table 2. The seism ic c ross  sec tio n s  fo r  th ese  Lines A, B, and C 
appear in  F ig . 4 , 5» and. 6 r e sp e c tiv e ly . Line C (F ig . 6 ) i s  over th e  
northw estern  t i p  of th e  S a l t  V alley a n t ic l in e  where th e  northw estern  
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F igure  8.
STRUCTURE C O N T O U R  M A P  
TOP OF P A R A D O X  SALT
Salt  Valley  Antic line
0 I 2  S MIMS
 1-------- 1----- *—-----1 ( a f t e r  Hite and Lohman, 1973)
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(F ig . 7 and F ig . 8 ). The low frequency, b and-lim ited  appearance of th e
/ *seism ic d a ta  i s  a r e s u l t  of having used a q.5-6  h e r tz  V ibroseis ’ sweep as 
a  source. This l im its  th e  freq u en c ies  observed to  t h i s  narrow pass band 
(Geyer, 1970). I t  i s  obvious from th e  c l a r i ty  of th e  M ississip p ian  a c o u s tic  
basement th a t  th e  graben s tru c tu re s  a t  th e  base of th e  s a l t  were th e  p r i ­
mary ta r g e t  a re a . Lack of re so lu tio n  of c lo se ly  spaced events in  th e  
shallow er se c tio n  i s  ev iden t throughout th e  p r o f i le ;  th e  edge of th e  s a l t  
d ia p ir  i s  poorly  d efin ed . The len g th  of th e  geophone spread  as w ell as 
th e  d is ta n c e  to  th e  n ea r t ra c e  (over 800 m eters) on Line G fu r th e r  suggests | 
th a t  t h i s  seism ic p r o f i le  w il l  be of lim ite d  value in  th e  shallow  re s o lu tio n  
of i n t r a - s a l t  s t r u c tu r e ,  bu t w i l l  provide an e x c e lle n t d iag n o stic  to o l  in  
analyzing  th e  growth h is to ry  of th e  S a l t  V alley a n t ic l in e  in  th e  l ig h t  of 
re g io n a l te c to n ic s .-
S ec tio n s  A (F ig . 4) and B (F ig . 5) were recorded  using  dynamite as 
a  source . The broad band n a tu re  of th i s  im pulsive source i s  re a d ily  ap­
p a ren t and mapping of very shallow  (150 to  300 m e te rs) , very th in  ( le s s  
than  50 m eters) r e f le c to r s  i s  p o ss ib le . Shallow r e f le c t io n s  on th e  f la n k s  
of th e  s a l t  a re  c le a r ly  d efin ed . A major d isadvantage of th e  use of 
dynamite o r o th e r high-energy im pulsive seism ic sources i s  th e  in h eren t 
lack  of co n tro l of th e  exact frequency and phase c h a ra c te r  of th e  source. 
This depends on ground coupling , charge s iz e ,  depth  and type of source .
*
Trademark of C on tinen ta l O il Company
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Seism ic Data P rocessing
• Extensive a n a ly s is  of th e  se ism ic d a ta  was performed in  o rder to  
e s ta b lis h  th e  p rocessing  param eters and sequence shown in  F ig . 9*
F ig . 10a shows an am plitude spectrum and a u to c o rre la tio n  (Anstey, 
1966) of a se le c te d  t ra c e  from Line C. S everal of th e se  analyses were 
used in  determ ining th e  optimum deconvolution param eters and as a q u a l­
i t y  c o n tro l check on th e  e ffe c tiv e n e ss  of th e  deconvolution in  a tte n u a tin g  
redundant inform ation on th e  se ism ic tra c e s  (L indseth , 1967). Severe 13 
h e r tz  r in g in g  i s  ev iden t on th e  seism ic t r a c e .  A deconvolution' o p e ra to r 
len g th  of .140 seconds, which spanned roughly 1 .5  cycles of th e  au to - 
correlogram , was se le c te d . This o p era to r was thought to  be long enough 
to  a tte n u a te  sh o rt p e rio d  redundancies on th e  d a ta , bu t sh o rt enough to  
avoid  a tte n u a tio n  of c lo se ly  spaced primary events w ith  s im ila r  s p e c tra l  
c h a ra c te r . A W iener-Levinson algorithm  (Levinson, 194?) was used to  
c a lc u la te  th e  optimum, le a s t- s q u a re  in v erse  f i l t e r .  The r e s u l t s ,  as 
observed in  th e  frequency a n a ly s is  of F ig . 10b, show e x c e lle n t s p e c tra l  
w hitening and a tte n u a tio n  of th e  13 h e r tz  r in g in g . There a re  s t i l l  
some longer period  redundancies, bu t common-depth-point s tack in g  should 
e f fe c t iv e ly  reduce th e  am plitude of th e se .
. A fte r  deconvolution and a p p lic a tio n  of a zero-phase m odified Ormsby 
frequency-domain bandpass f i l t e r  (L indseth , 1967)1 a  s p e c tra l  v e lo c ity  
a n a ly s is  was performed a t  c lo se  in te rv a ls  along each p r o f i le  in  o rder to  
determ ine th e  optimum s tac k in g  v e lo c i t ie s .  The contoured r e s u l t  of one 
a n a ly s is  i s  shown in  F ig . 11. This a n a ly s is  a p p lie s  th e  hyperbo lic  
normal, moveout equation to  th e  seism ic  d a ta  as fo llow s:
T 1882
F igure 9. 
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k  RMS VELOCITY ( F / S )  *













P R OCESSED ON THE P H O E N I X  D I G I T A L  DATA SYSTEM
FIGURE 11.
CONTOURED SPECTRAL VELOCITY ANALYSIS
T 1882 2?
a t  . = ( t 2 + X?/V?)2 - T 
i j  v o i '  j  o
wherei AT. . = The t im e -o f -a r r iv a l  d iffe re n c e  between a seism ic r e f l e c -  
i j
t io n  d e tec ted  a t  a  re c e iv e r  a t  X  ̂ o f f s e t  from th e  source 
and th e  same event d e tec ted  a t  zero o f f s e t  from th e  source,
Tq = The two-way t r a v e l  tim e of a r e f le c te d  seism ic wave 
d e te c ted  a t  th e  source.
X. = The o f f s e t  from th e  source of th e  i t h  d e te c to r .1
V. = The t r i a l  s tack in g  v e lo c ity  (S lo tn ick , 1936).
J
The d a ta  from a group of common depth p o in ts  (CDP's) i s  co rrec ted  
f o r  normal moveout (NMO), summed (s tack ed ), and then analyzed w ith in  sm all 
tim e windows f o r  th e  maximum power. The r e s u l t s ,  as seen in  Fig*. 11, 
a re  r e l a t iv e  power .contoured on an a b c issa  of v e lo c ity  and an o rd in a te  of 
two-way t r a v e l  tim e. The a n a ly s is  i s  lab e led  "RMS VELOCITY" (root-m ean- 
square v e lo c ity )  a lthough i t  must be emphasized th a t  th e  v e lo c i t ie s  re p re ­
sen ted  here  a re  rms v e lo c i t ie s  only i f  th e re  a re  no dipping  r e f le c to r s  
and i f  th e  rocks behave in  a p e r fe c tly  e l a s t i c  manner'. . This misnomer has 
been accep ted  in  common use throughout th e  geophysical in d u s try . However, 
i t  should be emphasized th a t  t h i s  type o f a n a ly s is  y ie ld s  only s tack in g  
v e lo c i t ie s .  The rock  v e lo c i t ie s  can be approximated v ia  D ix 's  equation 
(S h e r if f ,  1973) a f t e r  c o rre c tio n  fo r  d ip . For p a r a l le l ,  d ipp ing  lay e rs  
in  th e  subsurfaces
V = V cos a rms nmo




m u lti- la y e re d , e l a s t i c  medium).
V = The optimum stack in g  v e lo c ity , nmo
a = The angle of d ip  of th e  r e f l e c to r s . in  th e  plane of th e  
seism ic se c tio n .
For n o n -p a ra lle l ,  d ipp ing  r e f le c to r s ,  as in  th e  S a l t  V alley a n t ic l in e ,  
th e  re la t io n s h ip  between s tack in g  v e lo c i t ie s  and rock v e lo c i t ie s  i s  much 
more complex and must be derived  by a downward co n tin u a tio n  technique 
(C laerbout, 1976) , or h e u r i s t ic a l ly  by ray  t ra c e  modeling.
Once a v e lo c ity -tim e  fu n c tio n  was determ ined fo r  each c o n tro l p o in t 
along th e  p r o f i le s ,  normal moveout co rrec tio n s  were ap p lied  to  th e  d a ta  
in  o rder to  c o rre c t f o r  vary ing  so u rce -rece iv e r o f f s e ts  and ob ta in  th e  
maximum power CDP average or s tac k  f o r  a l l  recorded  tim es. As can be 
-seen  from th e  NMO eq u a tio n , la rg e r  AT's w il l  occur a t  sm a lle r T " 's . The 
d is to r t io n  due to  " s tre tc h in g "  of th e  f a r  d a ta  t ra c e s  a t  shallow  tim es 
was zeroed in  order to  p re se rv e 'sh a llo w  r e f le c t io n s  on n ear t ra c e s  in  
th e  CDP s tac k .
V aria tio n s  in  th e  n ear s u rfa c e , or w eathering la y e r  -  both  in  
th ick n ess  and v e lo c ity  -  can o ften  in troduce  tim e s h i f t s  ( s t a t i c  s h i f t s )  
on th e  recorded  t r a c e ,  which a re  no t com pletely accounted f o r  by co rrec ­
t io n  to  datum based on th e  su rface  e lev a tio n  of th e  geophone and source 
s ta t io n s .  For th i s  reaso n , in  a reas  where n e a r-su rfa c e  la y e r  c h a ra c te r­
i s t i c s  a re  no t a c cu ra te ly  known, a p rocessing  technique known as au to ­
m atic r e s id u a l  s t a t i c  co rre c tio n s  can be used to  s t a t i s t i c a l l y  d erive  
th e  rem aining tim e s h i f t  in  th e  d a ta  and " f in e - tu n e ” c o r re c t th e  d a ta
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t o  datum. The S a lt  V alley a n t ic l in e  i s  flanked  by se v e ra l r e s i s ta n t  
r id g e s  and shallow  f a u l t s .  In  a d d itio n , uncompacted Q uaternary f i l l  makes 
a ccu ra te  c h a ra c te r iz a tio n  of th e  n ea r-su rfac e  la y e r  d i f f i c u l t .  Of th e  
se v e ra l methods of r e f in in g  tim e c o rre c tio n s , a  su rfa c e -c o n s is ta n t 
s t a t i s t i c a l  approach was chosen. The b asic  assumption of t h i s  method* * 
i s  th a t  l a t e  a r r iv in g  r e f le c te d  seism ic  energy comes from deep ( r e la t iv e  
to  so u rc e -re ce iv e r  o f f s e t )  r e f le c to r s  where th e  angle of incidence i s  
n e a rly  normal. With t h i s  assum ption, redundancies p re sen t in  th e  r e l a ­
t iv e  tim e s h i f t s  a t  each source and re c e iv e r  lo c a tio n  can be used to  
e x tra c t  a  r e s id u a l  tim e c o rrec tio n  f o r  each lo c a tio n  along a seism ic 
p r o f i le .  F ig . 12 shows ray s  emanating from a  common source , bu t r e ­
ceived a t  d i f f e r e n t  su rface  lo c a tio n s . S ince th e  r e f l e c to r  i s  deep, 
both th e  downward and th e  upward t r a v e l l in g  ray p a th s  a re  n e a rly  v e r t ic a l .  
However, th e  downward t r a v e l l in g  path  through th e  w eathering i s  n e a r ly  
th e  same fo r  a l l  ray s; th e  upward pa ths a re  d i f f e r e n t .  Therefore th e  
re s id u a l  r e f le c t io n  tim e d iffe re n c e s  f o r  tra c e s  from a common sho t can 
be a t t r ib u te d  to  near su rface  e f f e c ts  a t  th e  re c e iv e r  lo c a tio n s  and 
subsurface  s tru c tu re .  Likew ise, d a ta  from common re c e iv e rs  can be 
assumed to  con tain  tim e d iffe re n c e s  due to  n e a r-su rfa c e  e f fe c ts  a t  th e  
sh o ts  and s tru c tu re .  The s tru c tu re  i s  normally lower frequency and can 
be sep ara ted  from th e  re s id u a l  s t a t i c s  w ith a h igh-pass K-domain f i l t e r .  
Then, a m atrix  so lu tio n  fo r  th e  r e s id u a l  s t a t i c  c o rre c tio n  a t  each p o in t 
along th e  p r o f i le  can be computed. A fte r autom atic s t a t i c  c o rre c tio n s , 
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were performed on Lines A and B.
When seism ic  d a ta  a re  derived  from s teep ly  d ipping  r e f l e c to r s ,  as 
i s  th e  case in  th e  S a l t  V alley a n t i c l i n e , th e  tim e re p re se n ta tio n  can­
no t he d i r e c t ly  converted to  depth . This i s  because each seism ic  tra c e  
re p re se n ts  th e  sum of a s e r ie s  of d ep th /v e lo c ity  v ec to rs  which a re  d is ­
p layed  v e r t ic a l ly  under a f ix e d  su rface  lo c a tio n . Most geophones used 
in  conventional seism ic ex p lo ra tio n  a re  designed to  measure only th e  
v e r t i c a l  component of th e  seism ic wave v e lo c ity  r a th e r  than th e  d ire c tio n  
of wave p ropagation . Furtherm ore, a  sudden v e lo c ity  or d en s ity  c o n tra s t 
in  th e  subsurface can d isp e rse  ( d i f f r a c t )  seism ic energy r a d ia l ly  in  a 
manner analogous to  th a t  observed in  elem entary o p tic s . The r e s u l t  of 
t h i s  p o in t d i f f r a c t io n  of energy i s  th a t  subsurface p o in ts , where th i s  
v e lo c ity  o r d e n s ity  c o n tra s t occurs, behave l ik e  secondary so u rces"(F ig . 
13a ) ,  According to  Huygen*s P r in c ip le , a l l  r e f le c to r s  behave l ik e  an 
i n f in i t y  of p o in t d i f f r a c to r s  (S h e r if f ,  1973)* The fu n c tio n  th en , of 
th e  d i f f r a c t io n  m igration p ro cess , i s  to  co llap se  th e  d isp e rsed  energy 
back to  i t s  p o in t of o r ig in  in  th e  se ism ic tim e s e c tio n . S ince th e  d i f ­
f r a c te d  energy "o rig in a te s"  a t  a  p o in t and i s  rece iv ed  a t  a l in e  (the  
su rface  of th e  ground), i t  i s  hyperbo lic  in  shape. The exact shape of 
th e  hyperbola i s  a fu n c tio n  of th e  w ave-front v e lo c i ty ,  bu t in  p ra c t ic e ,  
th e  s tac k in g  v e lo c i t ie s  a re  a f a i r  approxim ation to  th e  v e lo c i t ie s  need­
ed to  c o r re c tly  m igrate th e  d a ta . I t  can be seen schem atica lly  in  F ig . 
13b th a t  th e  d ipping r e f le c to r s  w i l l  tend  to  appear s te e p e r , and 
th a t  c lo sed  s tru c tu re s  w i l l  e x h ib it  t ig h te r  c lo su re  a f t e r  m ig ra tion .
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FIGURE 13a
Depth se c tio n  w ith sharp  aco u s tic  Corresponding seism ic tim e
c o n tra s t a t  D d i f f r a c t in g  seism ic p r o f i le ,
energy in  a l l  d ire c t io n s .
N. >»
VApparent p o s itio n  
of d ipp ing  r e f le c to r  
A-B.
True p o s itio n  of d ipping  
r e f l e c to r  as seen a f t e r  
m igration .
M igration of d ipping  seism ic even ts.





A tw o-dim ensional o)rk (frequency-wave number) f i l t e r  was run on th e
stack ed , m igrated se c tio n s  as a  f i n a l  s te p  to  improve th e  s ig n a l- to -n o is e  
r a t io .  A tw o-dim ensional F as t F o u rie r  Transform i s  taken  over a p o rtio n  
of th e  d a ta :
computer word. This p rocess e f fe c t iv e ly  e lim in a tes  events whose tim e 
space coherency i s  such th a t  t h e i r  s p e c tra l  components f a l l  o u ts id e  th e  
dynamic range of a 1 6 -b it in te g e r  computer word. The process a lso  empha­
s iz e s  coherent seism ic events w hile a tte n u a tin g  incoheren t even ts . The 
in v e rse  transfo rm  i s  then c a lc u la te d  to  re tu rn  th e  d a ta  to  i t s  o r ig in a l  
form. The tw o-dim ensional coherency f i l t e r  uses an algorithm  s im ila r  
to  th a t  of a v e lo c ity  or fan  f i l t e r  (T re i te l  and o th e rs , 1967)» bu t does 
n o t d isc rim in a te  a g a in s t d ipp ing  ev en ts .
y (co,k) = E E f ( t ,x )e x p (- j(c o t + k x )) 
t =0 x=0
n m
where: t  = The sample number of th e  seism ic tra c e .
n = The t o t a l  number of samples per t ra c e  le s s  one.
x = The s p a t i a l  coo rd ina te  of th e  se ism ic t ra c e  expressed
as t ra c e  number.
m = The t o t a l  number of seism ic tra c e s  s p a t ia l ly  transform ed
le s s  one.
f ( t , x )  = The o r ig in a l  d a ta  (tim e-space s e r ie s ) .
Once th e  d a ta  a re  transform ed, th e  am plitude sp e c tra  in  th e  f r e -  




S y n th e tic  Seismograms
Of th e  a v a ila b le  w ells in  th e  S a l t  V alley a n t ic l in e  re g io n , no 
a co u s tic  logs e x is t  in  th e  p lanes of th e  seism ic s e c tio n s . However, a 
deep ac o u s tic  lo g  does e x is t  near enough to  th e  seism ic p r o f i le s  to  a l i  
low a  reasonab le  degree of c o r re la t io n  when p ro je c ted  in to  th e  s e c tio n . 
This lo g , which p e n e tra te s  th e  M ississipp ian  s t r a t a ,  was in te g ra te d  to  
y ie ld  an in te rv a l  v e lo c ity  versus tim e fu n c tio n  in  t h i s  borehole.
The r e f l e c t i v i t y  fu n c tio n  was convolved w ith a minimum phase 14-45 
H ertz (12 db /octave r o l l  o f f  r a t e )  wavelet to  form th e  sy n th e tic  s e is -  
mogram shown in  F ig . 14. This w avelet was s e le c te d  because i t  most 
c lo se ly  approximated th e  sho t s ig n a tu re  from th e  source used in  th e  ac­
q u is i t io n  of Lines A and 33. The tops of.some of th e  major l i t h i c  u n its  
were p icked on th e  sy n th e tic  based on th e  corresponding in te rv a l  v e lo ­
c i ty  fu n c tio n , and a s so c ia te d  s tr a t ig ra p h ic  logs and d r i l l e r 's  r e p o r ts ,  
as w ell as th e  expected aco u s tic  impedances fo r  th ese  in te r f a c e s .  This 
w e ll, which produced th e  sy n th e tic  in  F ig . 14 was n o t on th e  c r e s t  
of th e  a n t ic l in e ,  bu t should provide s tr a t ig ra p h ic  co n tro l when compared 
to  th e  se ism ic s e c tio n s . A few o th e r shallow  ac o u s tic  logs were a v a i l ­
ab le  in  th e  a re a , but were no t of s u f f ic ie n t  q u a li ty  o r proxim ity to  th e  
seism ic d a ta  to  warrant, in c lu s io n  in  th i s  paper. This aco u s tic  log  syn­
th e t ic  was p ro je c te d  along s t r ik e  and t i e d  to  Line B as shown in  F ig.
15. The c o r re la t io n  was r e la t iv e ly  good fo r  most tim es on th e  seism ic 
d a ta . D iscrepancies can be a t t r ib u te d  to : phase d is to r t io n  in  th e  an-
T 1882 35
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a lo g  f i e l d  f i l t e r s  used in  th e  a c q u is itio n  of Line B; s p a t i a l  v a r ia t io n s  
in  th e  geology; and im perfect re so lu tio n  of th e  subsurface on th e  s e is ­
mic tim e sec tio n  due to  n o ise , m u ltip le s , and sidesw ipe (energy from out 
o f th e  p lane of th e  seism ic s e c t io n ) .
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INTERPRETATION OF SEISMIC DATA
F ig . 15 shows th e  approxim ate c o r re la t io n  between -the a c o u s tic  
lo g  s y n th e tic  and th e  seism ic r e f le c t io n  d a ta . This c o r re la t io n  pro ­
vided th e  b a s is  fo r  id e n t i f ic a t io n  of th e  various r e f le c to r s  on th e  
seism ic s e c tio n s . T his, in  tu rn ,  allow s th e  in te rp re ta t io n  of th e  
growth h is to ry  of th e  s tru c tu re  in c lu d in g  an analysis* of th e  te c to n ic  
c o n tro l of sedim entation  and th e  r e la t io n s h ip  between th e  s a l t  d ia p ir  
and ad jacen t s tr u c tu re .  F u rth e r a n a ly s is  o f th e  d a ta  y ie ld s  p o ss ib le  
c h a ra c te r iz a tio n  of th e  i n t r a - s a l t  s tru c tu re .  In te rp re te d  se c tio n s  a re  
p resen ted  in  F igs. 16, 17, and 18.
S tru c tu ra l  Framework
The seism ic average v e lo c i t ie s  in  sedim ents ad jacen t to  th e  S a l t  
V alley a n t ic l in e  a re  c lo se  to  th a t  of pure s a l t  (4,480 m eters/second) 
(F ig . 19 ) ,  so th a t  l i t t l e  d is to r t io n  of th e  M ississipp ian  b a s e - o f - s a l t , 
due to  v e lo c ity  d i f f e r e n t i a l s ,  can be expected on th e  se ism ic tim e sec ­
t io n s .  C ater (1970 ) suggests th a t  s a l t  d iap irism  was i n i t i a t e d  by d i f ­
f e r e n t i a l  g e o s ta tic  p ressu re  r e s u l t in g  from an abnormally th ic k  s a l t  
wedge being d eposited  over th e  downthrown s id e  of th e  f a u l te d  M iss iss ip ­
p ian  basement b locks. The presence of a deep h o rst-g rab en  system under 
th e  s a l t  (F ig . 18) lends credence to  th e  concept of s t r u c tu r a l  in flu en c e , 
i f  no t i n i t i a t i o n ,  of th e  d ia p irism . However, th e  dram atic th ick en in g  
o f f la n k  sedim ents toward th e  s y n c lin a l axes on e i th e r  s id e  of th e  s a l t
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r id g e  in d ic a te  p o s it iv e  sedim entary co n tro l of th e  upward movement of 
th e  h a l i t e .  Line B (F ig . 17) shows roughly 1 .6  seconds of seism ic two- 
way t r a v e l  tim e from th e  top  of th e  s a l t ,  which i s  near th e  su rfa c e , to  
th e  base of s a l t .  This tim e d iffe re n c e  in d ic a te s  over 3,500 m eters of 
s a l t  a t  th e  a n t i c l in a l  a x is .  This im plies approxim ately th e  same amount 
of d i f f e r e n t i a l  th ick n ess  in  th e  ad jacen t sedim ents. The sa ltw ard  th in ­
n ing  of th e  Hermosa Form ation, as in d ic a te d  on Lines A and B (F ig . 16 
and 17 ) , suggests th a t  d iap irism  had a lready  begun by. middle to  l a t e  
Pennsylvanian tim e. D ensity  c o n tra s t and th e  r e s u l ta n t  bouyancy of th e  
s a l t  r e l a t iv e  to  th e  surrounding s t r a t a  have long been accepted  as th e  
primary mechanism f o r  d iap irism  in  s a l t  (N ett l e t  on, 193*0* Thus, i t  
i s  apparen t th a t  i n i t i a l  s a l t  d iap irism  was s t r u c tu r a l ly  in flu en ced , 
bu t th a t  continued ra p id  sed im entation , a sso c ia te d  w ith th e  removal o f 
s a l t  from th e  f la n k s  of th e  s a l t  s w e ll , m aintained th e  upward momentum 
o f th e  s a l t  mass. Tanner and W illiams (19&5) d iscu ss  th e  n e c e ss ity  of 
re g io n a l ten s io n  on an ax is  which i s  perpend icu lar to  th e  r id g e  tre n d , in  
ad d itio n  to  a  d en s ity  c o n tra s t ,  in  o rder to  e f fe c t  s a l t  d iap irism .
Secondary movement of th e  b a sa l f a u l t s ,  accompanied by u p l i f t  of 
th e  Uncompahgre h ig h lan d , caused an a cc e le ra te d  second-stage growth of 
th e  s a l t  sw ell du ring  th e  Permian. The C u tle r  a rk o sics  were d eposited  
during  th i s  tim e in  th e  subsid ing  basins on e i th e r  s id e  of th e  a n t ic l in e  
as s a l t  was removed. Continued growth was f u r th e r  a cc e le ra te d  by th e  
m igration  of th e  b as in  axes toward th e  s a l t  sw ell as i s  apparent from 




sed im en tation  and sa ltw ard  th ick en in g  has been d iscu ssed  by Barton (1933) 
and o th e rs  as a "down-building" process in  which subsidence of f la n k  sed­
iments around a " s ta tio n a ry "  d ia p ir  i s  thought to  be th e  predominant 
s t r u c tu r a l  mechanism. The sa ltw ard  m igration of th e  depocenter was f i r s t  
explored by Balk (1949).
T h ird  s tag e  s a l t  d iap irism  i s  supported by th e  p a r t i a l  piercem ent 
of th e  younger C u tler a rk o sics  and post-Perm ian s e c tio n . The seism ic 
tim e th in n in g  of th e  shallow er sequence near th e  c re s t  of th e  s a l t  on a l l  
th re e  se ism ic sec tio n s  i s  in d ic a tiv e  of e i th e r  an in te rv a l .v e lo c i ty  in ­
c rease  due to  compaction of th e  younger rocks o r , more l ik e ly ,  th e  r e s u l t  
o f sp ine  movement of th e  s a l t  occurring  f a s t e r  than  Mesozoic sed im en ta tio n . 
I t  should be emphasized th a t ,  a lthough s a l t  flow i s  d iv id ed  in to  th re e  
s ta g e s , th e  d iap irism  was probably continuous. The d is t in c t io n ,  th en , 
between th e  th re e  s tag e s  of s a l t  movement i s  one of degree r a th e r  than  
one of d i s t i n c t  cy c les . The t r a n s i t io n  between th e  severe  s t r u c tu r a l  de­
form ation a t  th e  top  of th e  Paradox s a l t  to  th e  m ilder d is ru p tio n  of th e  
Cretaceous sedim ents i s  a g radual one.
I n t r a - s a l t  S tru c tu re
S tru c tu re  w ith in  s a l t  d ia p ir s  has been s tu d ie d  ex ten s iv e ly  by 
W illiam s (1961), B iot (1964), H ite  and Lohman (1973)> Evans and Linn 
(1970), and o th e rs . Most of th e se  authors agree th a t  s t r u c tu r a l  com­
p le x ity  in c reases  g re a tly  toward th e  a x ia l  core of th e  s a l t  d ia p ir .
The d is t in c t io n  between th e  s a l t  a n t ic l in e s  in  th e  Paradox b asin  and
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th o se  s tu d ied  in  th e  Gulf Coast, f o r  example, i s  th a t  th e  ax is  o f sym­
metry i s  p lan e r r a th e r  than  l in e a r .  This symmetry should allow  th e  
p re d ic tio n  of a fo ld in g  ch a ra c te r  of considerab ly  le s s  complexity p a ra l­
l e l  to  th e  a n t i c l in a l  ax is  (R. J .  H ite , o ra l commun., 1976).
Evans and Linn (1970) mapped in  d e t a i l  th e  p o tash , an h y d rite , b lack  
s h a le , and dolom ite in te rb e d s  w ith in  th e  Cane Creek a n t ic l in e ,  which l i e s  
roughly 40 k ilo m eters  south of th e  S a l t  V alley a n t ic l in e ,  and found sec­
ond-order assym etric  fo ld in g  w ith  wavelengths up to  120 m eters and am pli­
tudes on th e  o rder of 25 m eters. They a lso  noted th i r d ,  fo u r th , and f i f t h  
o rd er c re n u la tio n s  w ith s im ila r  assym etry superimposed on th e  la rg e r  fo ld s  
(F ig ., 20). The wavelengths of th e  sm a lle s t fo ld s  were on th e  o rder of 
3 cen tim e te rs . They fu r th e r  observed in c ip ie n t  t ra n s p o s it io n  s tru c tu re s  
in  which th e  nose of a fo ld  had begun to  detach  from th e  main s tru c tu r e .  
This in te n se  fo ld in g  i s  th e  r e s u l t  of l a t e r a l  and a x ia l  compression due 
to  th e  upward flow  of th e  Paradox s a l t .  The combination of tem peratu re , 
•g eo sta tic  p re ssu re , w ater co n ten t, and d en s ity  c o n tra s t  of th e  s a l t  w ith 
o th e r c o n s titu e n ts  caused p la s t i c  upward flow r e la t iv e  to  th e  more s ta b le  
in te rb e d s  (Gussow, i 960) . H ite  ( i 960) c la s s i f ie d  n e a r ly  t h i r t y  d i s t in c t  
marker beds w ith in  th e  s a lin e  fa c ie s  of th e  Paradox b as in . Thicknesses 
o f th e se  beds v a r ie s  from 5 to  70 m eters. E x trap o la tio n  of th e se  i n t e r ­
beds northw ard in to  th e  S a l t  V alley a n t ic l in e  i s  f u r th e r  com plicated by 
th e  f a c t  th a t  recumbent fo ld in g  of some of th e  markers and n e a r -v e r t ic a l  
o r ie n ta tio n  has caused some of th e  in te rb e d s  to  be rep ea ted  as many as 
f iv e  tim es in  a s in g le  borehole (F ig . 2 l ) .
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SECOND ORDER FOLDS
SECOND AND THIRD ORDER FOLDS
SECOND, THIRD, AND FOURTH ORDER FOLDS
H ------------------------ — I
100 Meters
F igure 20,
I n t r a - s a l t  F o ld in g  i n  t h e  Cane C re e k  A n t i c l i n e ,  
( a d a p te d  fro m  E v an s  and  L in n ,  1 9 7 0 )
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Gamma Ray Log -  San J a c i n t o  P e t ­
ro le u m , S a l t  V a l le y  # 3 , S e c .  2 5 , 
Twp. 22S , R g e . 1 9 E . O v e r tu rn e d  
m a rk e r  b e d s  a r e  i n d i c a t e d  by 
i t a l i c s .
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The co n cen tra tio n  o f n o n -h a lite  e l a s t i c s  and carbonates n ear th e  
base of th e  Paradox s a l t  in d ic a te  a shallow  marine penesa line  environment, 
bu t a lso  suggest v e lo c ity  d i f f e r e n t i a l s  between th e  upward movement of the  
impure ev ap o rite s  and th a t  of th e  p u rer h a l i t e  (Kupfer, 1974). I f  
t h i s  were th e  case , th e  shallow er s a l t  should be p u re r. T h is, in  f a c t ,  
i s  observed in  th e  w ell d a ta  a v a ila b le  in  th e  Paradox Member of th e  Her- 
mosa
Some coherent seism ic  events appear-w ith in  th e  s a l t  on the processed 
s e c tio n s . Line C (F ig . 18) p re se n ts  one of th e  b e s t  examples of t h i s .  
S ev era l sh o rt iso -tim e  lin eu p s of.,■ seism ic, events a re  ap p aren t-in  a  gener­
a l  en echelon p a tte rn  in  th e  s a l t . There a re  no continuous in d ic a tio n s  
of th e  presence of a r e f l e c to r  in  th e  shallow  s a l t ;  however, i f  th e  fo ld in g  
i s  of th e  suspected  degree of com plexity, th ese  segments could be a ttach ed  
by v e r t ic a l  segments (no r e f le c t io n s )  or they could be tra n sp o s it io n  fo ld s .  . 
A s im ila r  i n t r a - s a l t  r e f le c t io n  ch a rac te r  i s  ev iden t on Lines A and B a l ­
though poor s ig n a l- to -n o is e  on th ese  se c tio n s  obscures th ese  r e f le c t io n s .
A th i r d  p o s s ib i l i ty  f o r  th e  o r ig in  of th e se  coherent seism ic ev en ts , which 
w i l l  be d iscu ssed  in  more d e t a i l  in  th e  modeling se c tio n  of t h i s  r e p o r t ,  
i s  th a t  th e  segments re p re se n t bu ried  fo c i  due to  concave-upward fo ld in g  
of th e  high ac o u s tic  c o n tra s t  in te rb e d s . In  any case , th e  in d ic a tio n s  on 
th e  seism ic se c tio n s  a re , a t  b e s t,  in d i r e c t .  That i s ,  th e  exact shape and 
lo c a tio n  of th e  in te rb ed s  i s  only im plied . Since th e  absence of in te rb e d s , 
r a th e r  than t h e i r  presence, i s  of paramount im portance fo r  a n u c lea r waste 
emplacement s i t e ,  th e se  in d ic a tio n s  may provide s u f f ic ie n t  evidence to
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w arrant f u r th e r  study . Higher re so lu tio n  seism ic p ro f i le s  could provide 
a more d i r e c t  in d ic a tio n  of th e  n a tu re  of th e  in te rb e d s . C loser spacing 
of seism ic su rface  s ta t io n s  would allow  b e t te r  coverage of complex fo ld in g  
in  th e  subsurface  and h ig h er seism ic freq u en c ies  should perm it c lo se r  
d e f in i t io n  of r e f le c t io n  tim e.
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• COMPUTER SUBSURFACE MODELING
D etection  o f th in  in te rb e d s  w ith in  s a l t  can be v isu a liz e d  as th e  
mapping of high aco u s tic  impedance la y e rs  in  a homogeneous, is o tro p ic  
h a lfsp a ce . Computer modeling under t h i s  assumption was f i r s t  performed 
in  o rder to  ev a lu a te  th e  p i t f a l l s  in  t h i s  assumption and to  s e le c t iv e ly  
account fo r  f u r th e r  com plications in troduced  by complex s t r a t ig ra p h ic  
and s t r u c tu r a l  v a r ia t io n s  w ith in  th e  subsu rface . Fig* 22 d ep ic ts  two 
of th e  s im p lest v a r ia t io n s  on th e  o r ig in a l  assumptions th a t  of varying 
in te rb e d  th ic k n e ss , and th a t  of vary ing  in te rv a l  v e lo c ity . The r e f le c ­
t io n  c o e f f ic ie n t  f o r  n o rm ally -in c id en t seism ic rays can be computed as 
a  fu n c tio n  of th e  v e lo c ity -d e n s ity  product:
•„ P2V2.-P1V1 
1 2 "  p2W i
where: Pr = The d en s ity  of la y e r  n .
Vn = The in te rv a l  v e lo c ity  of la y e r  n .
The s ig n  of th e  r e f le c t io n  c o e f f ic ie n t  I s  p o s it iv e  i f  the ' energy passes 
from a lower PV medium to  a h igher PV medium. Normally in c id e n t ray s  a re  
assumed in  th e  modeling because th e  dow nw ard-travelling raypath  i s  c o in c i­
den t w ith th e  r e f le c te d  u p w ard -trav e llin g  raypath  and because am plitude 
v a r ia t io n s  due to  mode conversions may be n eg lec ted . The deepest la y e r  
in  F ig . 22 re p re se n ts  a 30 meter th ic k  in te rb ed  w ith  a l in e a r ly  varying 
v e lo c ity  rang ing  from 2,590  m ete rs/sec . (a sh a le )  a t  th e  l e f t  end to  


















































model were h e ld  a t  2 .4  grams/cm^. Fig; 23 i l l u s t r a t e s  th a t  as th i s  
d e n s ity -v e lo c ity  product passes through th a t  of s a l t ,  th e  num erator of th e  
r e f l e c t i v i t y  equation approaches zero and th e  in te rb e d  becomes se ism ic- 
a l ly  t ra n s p a re n t . This p o te n t ia l  d i f f i c u l ty  would e x is t  where a fa c ie s  
change in  th e  in te rb e d s  or a change in  f lu id  p ressu re  occurred. The top  
two wedges of high and low v e lo c ity  m a te r ia l re sp e c tiv e ly  vary from 150 
m eters to  0 m eters in  th ick n ess  and i l l u s t r a t e  one of th e  re so lu tio n  
problems in h e ren t in  mapping c lo se ly  spaced r e f le c to r s .  The w avelet 
used to  g enera te  t h i s  sy n th e tic  se c tio n  was a minimum phase wave­
l e t  w ith a median frequency of 26 ^.ertz (F ig. 24) (R icker, 1953)* This 
w avelet c lo se ly  approximates th e  im pulsive source s ig n a tu re  of se c tio n s  
A and B. I t  can be seen th a t  co n s tru c tiv e  rein forcem ent of th e  wavelet 
from th e  s a l t - in te rb e d  boundary w ith th a t  from th e  in te rb e d -s a l t  boundary 
obscures th e  tru e  n a tu re  of th e  r e f le c to r s .
Although th e  u se fu ln e ss  of conventional r e f le c t io n  seism ic methods 
i s  l im ite d  by th e  in ten se  in te rb e d  fo ld in g , th e  d is to r t io n  of th e  
in te rb e d s  in  th e  .s a l t  may provide a  prom ising i n d i r e c t •in d ic a tio n  of 
th e  presence of in te rb e d s . Fig*. 25 shows a h y p o th e tic a l model of a 
sev e re ly  fo ld ed  th in  bed imbedded in  a s a l t - l i k e  medium. Buried fo cu sin g , 
as seen by th e  crossed  raypaths (R ieber, 1937)» r e s u l t s  in  th e  seism ic 
s ig n a tu re  shown in  Fig-. 26 . This in d ic a tio n  of fo ld e d  in te rb ed s  
has th e  advantage of being r e l a t i v e l y  independent of in te rb e d  th ic k ­
n ess . Major d isadvantages to  t h i s  method include th e  f a c t  th a t  th i s  
i s  an in d i r e c t ,  r a th e r  than a d i r e c t ,  method of d e te c tin g  th e  presence 
of in te rb ed s  in  th e  s a l t  and th e  method depends on th e  geometry
T 1882 53
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t' ' 1 I I I l k  k \ \  ' 'A  fv. C '•' I."' f
f ! I Vi  i v > V»
1.0
F igure 23, , soo M e te rs  t
T h in b e d s  S y n t h e t i c  S e is m ic  S e c t i o n .
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MEDIAN FREQUENCY: 26 HERTZ
F igure 24,
Minimum p h a s e  R ic k e r  w a v e le t .  The a t t e n u a t i o n  o f  t h i s  w a v e le t  
i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  f r e q u e n c y  ( s e e  R ic k e r ,  
1 9 5 3 ) .  T h is  w a v e le t  i s  t h a t  w h ich  w o u ld  r e s u l t  fro m  an  im­
p u l s i v e  s e i s m i c  s o u r c e  w i th  t r a n s m i s s i o n  th r o u g h  an i d e a l  
v i s c o e l a s t i c  m edium . T h is  w a v e le t  was u s e d  i n  t h e  g e n e r a t i o n  
o f  a l l  s y n t h e t i c  s e c t i o n s  shown in  t h i s  p a p e r .
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F igure 25.
M odel o f  i n t e r b e d  in  s a l t  t o  t e s t  t h e  e f f e c t  o f  f o l d ­

































and degree of c lo su re  of th e  fo ld s  as w ell as th e  depth of th e  in te rb e d  
to  ob ta in  f o c i .  However, i f  th e  shape of th e  in te rb e d  d is to r t io n  conforms 
to  th e  assum ptions of H ite  and Lohman (1973)» t h i s  technique f o r  mapping 
th e  in te rb e d s  i s  f e a s ib le .  Fig-* 27 shows a ty p ic a l  s a l t  r id g e  subsur­
fac e  model derived  from a composite of th e  th re e  seism ic p r o f i le s ,  th e ' * 
borehole in fo rm ation , and assum ptions on th e  n a tu re  of th e  shallow  f a u l t ­
in g . Normally in c id e n t ray  tra c in g  was performed in  order to  form ulate 
a  sy n th e tic  seism ic se c tio n  and to  determ ine th e  ex ten t of th e  s t r u c tu r a l ­
ly -induced  d is to r t io n  of th e  se ism ic response. - The norm ally in c id e n t ray s  
a re  those  which may be recorded by p lac in g  th e  source and re c e iv e r  a t  th e  
same su rfac e  lo c a tio n . In  t h i s  manner, the  tra n sm itte d  and r e f le c te d  
seism ic energy fo llow  th e  same t r a v e l  paths in  th e  su b su rface . F u rth e r­
more, normal moveout i s  e lim inated  as i s  mode conversion of th e  seism ic 
waves p e rm ittin g  an id e a l  re p re se n ta tio n  of th e  seism ic response of a 
complex su b su rface .
S n e l l 's  Law:
VjSin 0 =  V s in  ^  (S h e r if f ,  1973).
where: Vn = The rock v e lo c ity  in  la y e r  n .
, 0n = The angle of incidence o r re f r a c t io n  in  la y e r  n. 
i s  observed a t  a l l  in te r f a c e s . For t h e .models which appear in  t h i s  p ap er, 
th e  a c o u s tic  p ro p e r tie s  (v e lo c ity  and d e n s ity )  w ith in  a given li th o lo g y  
were assumed to  be constan t w ith  depth . That i s ,  th e  v e lo c ity  vs. depth 




























tin u o u s  w ith jump d is c o n t in u i t ie s  a t  defined  l i th o lo g ic  boundaries (Fig. 
28) even though th i s  i s  no t g en e ra lly  th e  case in  th e  r e a l  world. I n te r ­
v a l v e lo c ity  assum ptions were derived  from th e  ac o u s tic  log  d a ta  and rock 
d e n s i t ie s  were co n stru c ted  from em pirica l s tu d ie s  by Gardner and o th ers  
(197*0 (F ig. 29)» and C hristensen  (1966) w ith adjustm ents made f o r  age, 
depth  of b u r ia l ,  and l i th o lo g y . F ig -. 30 d ep ic ts  th e  norm ally in c id e n t 
ray s  generated  fo r  th e  subsurface  model of F ig’. 27. I t  can be seen 
th a t  th e  r e f r a c t io n  of th e  ray s  at, each in te r fa c e  has th e  e f fe c t  of 
s c a t te r in g  th e  r e f le c te d  energy from a sm all p o rtio n  of th e  subsurface 
over a la rg e  p o rtio n  of th e  tim e s e c tio n . This emphasizes th a t  r e f l e c ­
t io n s  d isp layed  v e r t ic a l ly  on a tim e se c tio n  re p re se n t v ec to rs  in  space 
and no t n e c e s sa r ily  a geo log ic  depth se c tio n . The subsurface  geometry 
and shallow  f a u l t in g  and th e  r e s u l ta n t  aco u s tic  boundaries tend  to  pro­
duce th e  ’’dead zone" in  th e  a rea  d ir e c t ly  under th e  s a l t  on th e  seism ic 
se c tio n  (F ig . 31)•
The h y p o th e tic a l c ro ss -s e c tio n  proposed by H ite  and Lohman (1973) 
o f th e  Paradox V alley a n t ic l in e  was modeled using  th re e  a ssy m e tric a lly  
fo ld ed  th in  beds w ith in  th e  s a l t  (F ig. 32). Second o rder fo ld in g  was 
superimposed on th ese  th in  beds as was l a t e r a l ly  vary ing  v e lo c ity  and 
d e n s ity . S tru c tu ra l  com plexity of th e  in te rb ed s  was in c reased  toward 
th e  a n t ic l in a l  core in  th e  manner of Kupfer (19&5). The r e s u l ta n t  syn­
th e t i c  seism ic se c tio n  i s  shown in  F ig . 33* F ig . 3*̂  shows a sy n th e t­
ic  produced from th e  r e f le c t io n s  from th e  in te rb ed s  on ly . Energy d isp e r ­
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fo ld s  were t ig h te r  than  th e  100 meter t r a c e  in te rv a l  making id e n t i f ic a t io n  
of th e  b u ried  fo c i  im possib le . D if fra c tio n  m igration  of th i s  d a ta  would 
a id  th e  d e te c tio n  of th e  in te rb e d s , bu t would re q u ire  a high degree of 
p re c is io n  in  th e  de term ina tion  of th e  m igration  v e lo c i t ie s .  The d i f f r a c ­
t io n  m igration  of th e  s y n th e tic  d a ta  would c o llap se  th e  d i f f r a c t io n s  from 
th e  t ig h t  in te rb e d  fo ld in g  and y ie ld  an i n t r a - s a l t  en echelon p a tte rn  
s im ila r  to  th a t  observed on th e  r e a l  seism ic d a ta  (compare c ir c le d  areas 
on F ig . 3^ and. F ig . 6 ).
The second s a l t  r id g e  model has an id e n t ic a l  f la n k  su b su rface , but 
le s s  severe fo ld in g  of th e  in te rb ed s  n ear th e  a n t i c l in a l  ax is  (F ig . 35)• 
This type of fo ld in g  would be expected i f  th e  prim ary s t r e s s  ax is  was 1 
v e r t ic a l  r a th e r  than h o r iz o n ta l.  The sy n th e tic  s e c tio n , again showing 
only r e f le c te d  energy from th e  in te rb e d s , i s  p resen ted  in  F ig . j 6 .
W hile th e  se ism ic response shows a  p ro p o rtio n a l red u c tio n  in  com plexity, 
d i f f r a c te d  energy s t i l l  dominates th e  seism ic se c tio n . I f ,  however, 
th e  shallow er in te rb ed s  a re  of t h i s  le s s  complex form, mapping may be 
p o ss ib le  using  conventional or n early -co n v en tio n a l seism ic r e f le c t io n  
tech n iq u es .
T 1882 68
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Mapping of shallow , s tru c tu ra lly -co m p lex  r e f le c to r s  in  an a rea  such 
as th e  S a l t  V alley a n t ic l in e  re q u ire s  a custom designed in te g ra te d  geo­
p h y s ica l program in co rp o ra tin g  s ta te - o f - th e - a r t  techn iques such as : 
v e r t ic a l  se ism ic p ro f i l in g ;  shallow  r e f le c t io n  and r e f r a c t io n  surveys, 
p o ssib ly  using  a source w ith  an e x tra c ta b le  s ig n a tu re ; and a d e ta i le d  
borehole survey. P o te n tia l  f i e ld  methods, such as g ra v ity  and magnetic 
anomaly mapping, may have lim ite d  u sefu ln ess  due to  th e  suspected  broad 
a r e a l  ex ten t o f th e  in te rb e d s  and th e  complexity o f th e  near su rface  
ro ck s. Moreover, re c e n t advances in  se ism ic d a ta  p rocessing  may y ie ld  
a  more q u a n ti ta t iv e  a n a ly s is  of th e  subsurface and provide g re a tly  ex­
panded re so lu tio n  of s u b tle  aco u s tic  d iffe re n c e s  in  th e  geologic p r o f i le .
. V e r t i c a l  Seism ic P ro f il in g
U n til r e c e n tly ,  very l i t t l e  a t te n t io n  has been accorded in  th e  
l i t e r a t u r e  to  th e  use of v e r t ic a l  seism ic a rray s  in  th e  d e ta i l in g  of 
shallow  aco u s tic  boundaries. S tud ies  by G al*perin (197*0 and. Wuenschel 
(1976) and o th e rs  have only re c e n tly  begun to  e x p lo it  th e  advantages of 
v e r t ic a l  seism ic p ro f i l in g  as an ex p lo ra tio n  to o l .  Some of th e  advan­
tag es  of VSP a re :
1. Improved s ig n a l- to -n o is e  r a t io .  P lac ing  both th e  source 
and th e  re c e iv e r  a rray s  in  a borehole below th e  inhomogeneous n ear su r­
fa ce  reduces wave s c a t te r in g  encountered w ith su rfac e  or near su rface
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a r ra y s .
2. Broader bandwidth i s  ob ta in ab le  due to  b e t te r  rock  coupling 
of both  th e  source and th e  re c e iv e r . Expansion of th e  frequency band- . 
w idth r e s u l t s  in  pu lse  compression in  th e  tim e domain (Stone, 1973) al “ 
lowing th e  sep a ra tio n  of c lo se ly  spaced or th in  r e f le c to r s  on a  seism ic 
tim e s e c tio n .
3. D ire c tio n a l s e n s i t iv i ty  of th e  three-com ponent geophones 
norm ally used in  v e r t ic a l  seism ic p ro f i l in g  would make p o ssib le  th re e -  * 
dim ensional a n a ly s is  of th e  seism ic response y ie ld in g  d ip  in fo rm ation , 
in  a d d itio n  they  would allow  th e  determ ination  of r e f le c to r  c h a ra c te r ­
i s t i c s  from am plitudes and modes of wave propagation .
4. In  th in  beds, w ith  high d e n s ity -v e lo c ity  product c o n tra s ts  
(on th e  order of 2 to  l ) ,  channel-guided waves have been shown to  be e f ­
f e c t iv e  in  determ ining in te rb e d  c o n tin u ity  (Guu, 1975)* V e r tic a l  seism ic 
p r o f i l in g  would allow  th e  ex tra p o la tio n  of in te rb ed s  from areas  where 
t h e i r  id e n t i ty  i s  known in to  th e  S a l t  V alley a n t ic l in e  and be in v a lu ab le  
in  d e fin in g  th e  various in te rb e d  cy c le s .
Surface Seism ic Methods
Since th e  p r in c ip a l zone of in te r e s t  f o r  a n u c lea r waste emplace­
ment s i t e  i s  shallow  ( le s s  than  1,200  m ete rs), a sh o rt o f f s e t ,  sm all 
g eo p h o n e-in te rv a l, su rface  co n fig u ra tio n  i s  needed. When th e  angle of 
incidence of th e  seism ic wave w ith th e  r e f le c to r s  i s  more n e a rly  normal, 
th e  e f fe c ts  o f r e f r a c t io n  and mode conversion of th e  seism ic energy are
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minimized. In  a d d itio n , i f  th e  r e f le c te d  seism ic wave i s  approxim ately 
p lan e r when i t  reaches th e  d e te c to rs , sep a ra tio n  o f th e  r e f le c te d  energy 
from h o r iz o n ta lly - t ra v e l l in g  n o ise  (along th e  su rface  of th e  ground) i s  
s im p lied . T herefore , a sp read  len g th  on th e  o rder of 1,000 m eters or 
le s s  would in su re  th a t  th e  angle of inc idence, f o r  a  f l a t  r e f l e c to r ,  * * 
would he le s s  than  30° f o r  a l l  t ra c e s  a t  th e  depth of in t e r e s t .  *The sh o rt 
o f f s e t  would fu r th e r  in su re  th a t  th e  Rayleigh and Love waves generated  hy 
th e  source would no t in te r f e r e  w ith shallow  r e f le c te d  energy. The depths 
of in te r e s t  on a shallow  seism ic p r o f i le  would he rep re sen ted  in- le s s  than  
.600 seconds of two-way-time on th e  seism ic s e c tio n . The sm all geophone 
spacing would have two advantages:
1. There would he a c lo se r  g r id  spacing on th e  subsurface 
r e f le c t io n  p r o f i le  equal to  one h a lf  on th e  geophone spacing. This would 
allow  d e te c tio n  of sm aller anomalies on th e  r e f l e c to r s .
2. More geophones would allow  h igher common-depth-point mul­
t i p l i c i t y  and provide b e t t e r  n o ise  c a n c e lla tio n .
Exact f i e ld  reco rd in g  co n fig u ra tio n s  should he e s ta b lish e d  a f t e r  s u f f i ­
c ie n t  n o ise  a n a ly s is  to  determ ine th e  optimum source and geophone con­
f ig u ra t io n  f o r  b e s t n o ise  c a n c e lla tio n .
R e fle c tio n  and r e f r a c t io n  seism ic d a ta  should he capable of p ro ­
v id in g  very high re so lu tio n  of th e  subsurface . For an in te rb e d  15 m eters 
th ic k  w ith  an in te rv a l  v e lo c ity  of 3,000 m eters/second, a seism ic pu lse  
only .01 seconds wide would be needed. T herefore , f o r  th i s  r e f le c to r ,  
freq u en c ies  of a t  le a s t  100 h e r tz  must be re so lv ed  w ithout a l ia s in g .
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The N y q u is t, o r a l i a s in g  frequency  f o r  d ig i t i z e d  d a ta  i s  d e f in e d  a s :
p = — -—  
n 2At
where: At = The d i g i t i z i n g  i n t e r v a l  (sample r a t e )  m easured in  seconds.
F req u en c ies  above N yquist a re  in d is t in g u is h a b le  from low er f re q u e n c ie s  
on a  d ig i t i z e d  se ism ic  t r a c e .  S in ce  d i s to r t io n  (a lth o u g h  n o t a l i a s in g )  
u su a lly  o ccu rs  above h a l f  N y q u is t, a  re c o rd in g  system  shou ld  be cap ab le  
o f d i g i t i z i n g  th e  d a ta  on a  .002 second o r s m a lle r  sam pling in te r v a l  
( i e .  Fn = 250 h e r tz ) .  F or th in n e r  in te rb e d s  o r h ig h e r v e l o c i t i e s ,  a 
sm a lle r  sam pling r a t e  would be re q u ire d .  A .00025 second Of- m s.) 
sam pling in t e r v a l  would be much b e t t e r  f o r  d e te c t io n  o f very  t h in ,  h ig h  
v e lo c i ty  in te rb e d s .  B u r ia l  o f th e  geophones would ensure  t h a t  ground 
co u p lin g  was op tim ized  and th a t  th e  h ig h e r frequency  se ism ic  d a ta  would 
be d e te c ta b le .
The so u rce  s ig n a tu re  can be c o n tro l le d  and reco rd ed  w ith  th e  d a ta  . 
on some f i e l d  system s. This s ig n a tu re  may th en  be removed from  th e  d a ta  
v ia  a  c r o s s - c o r r e la t io n  method. S e v e ra l r e c e n t  advances in  f i e l d  system  
d esig n  have made p o s s ib le  a  c o n tro l le d  sou rce  s ig n a tu re  in  a d d it io n  to  
th e  ex trem ely  sm a ll sam pling r a t e .  In  t h i s  manner, a  n on -im pu lsive  so u rce  
c a h  in tro d u c e  a  s ig n a l  in to  th e  e a r th  w ith  frequency  and tim e domain c h a r­
a c t e r i s t i c s  which b e s t  match th e  n a tu r a l  f re q u e n c ie s  a s s o c ia te d  w ith  th e  
l i th o lo g ie s  under in v e s t ig a t io n .
R e f ra c tio n  su rveys have lo n g  been e s ta b l is h e d  a s  a  method f o r  map­
p in g  in  d e t a i l ,  th e  i r r e g u la r  n e a r  su rfa c e  la y e r .  Long s o u rc e - r e c e iv e r  
o f f s e t s  a re  used to  re c o rd  r e f r a c te d  energy which t r a v e l s  a long  th e  i n t e r -
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face  between th e  low v e lo c ity , uncompacted, near su rface  la y e r  and th e  
deeper, more competent, h igher v e lo c ity  la y e r . R efrac tio n  shooting  would 
y ie ld  an accu ra te  e s tim ate  of shallow  v e lo c i t ie s  and in te rv a l  th ick n esses  
needed to  e s ta b lis h  c o n tro l on v e lo c ity  and s t a t i c  c o rre c tio n s  to  datum.
Borehole Geophysics
A ll of th e  seism ic su rface  and v e r t ic a l  seism ic p ro f i l in g  could be 
e f fe c t iv e ly  t i e d  to  th e  geology using  c a re fu lly  p o s itio n ed  w ells  d r i l l e d
|
to  th e  depth of in t e r e s t .  These ho les should be planned f o r  use in  con­
ju n c tio n  w ith  th e  v e r t ic a l  seism ic p ro f i l in g . Logging technology has 
advanced to  th e  s ta t e  where d e ta i le d  mapping of very th in  beds to  a  high 
degree of p re c is io n  i s  now p o s s ib le . Some of th e  log  types a v a ila b le  
which have d i r e c t  a p p lic a tio n s  to  th e  s tr a t ig ra p h ic  and s t r u c tu r a l  ev a l-  
a tio n  of th e  S a l t  V alley a n t ic l in e  a re :
1 . A coustic log  -  As a lready  dem onstrated in  t h i s  r e p o r t ,  th i s  
to o l  measures th e  in te rv a l  t r a n s i t  tim e (in v e rse  rock v e lo c ity )  and can 
be used to  t i e  seism ic r e f le c t io n  d a ta  to  geology and to  generate  syn­
th e t i c  seismograms.
2. Dip log  -  This log  q u a n ti ta t iv e ly  measures th e  o r ie n ta tio n  
of bedding planes a t  t h e i r  p o in t of in te rs e c tio n  w ith th e  w e ll. Such a 
log  would be u se fu l in  analyzing  th e  s t r u c tu r a l  com plexity of th e  i n t e r ­
beds and in  in te rp o la t in g  in te rb e d s  between w ells.
3. Gamma Ray/Neutron log - These logs measure th e  le v e l  of ra d io ­
a c t iv i ty  in  th e  rock . This would be e sp e c ia lly  u se fu l in  id e n tify in g
very th in  in te rb e d s  co n ta in in g  tra c e  amounts of po tash  or clay  m inera ls .
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Potassium  40 i s  a ra d io a c tiv e  iso to p e  commonly found in  th e  in te rb ed s  
and provides a high ra d io a c tiv e  c o n tra s t  w ith th e  s a i t .
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CONCLUSIONS
From th i s  s tudy , th e  fo llow ing  r e s u l t s  and conclusions a re  made:
a . ) A nalysis of approxim ately 50 k ilo m eters  of conventional 
r e f le c t io n  seism ic d a ta  using su rfa c e  a rray s  and both im pulsive and con­
t r o l l e d  sources in d ic a te s  th a t  th e  p o te n tia l  e x is ts  f o r  mapping of shallow , 
high ac o u s tic  c o n tra s t is o la te d  th in  beds in  a homogeneous s a l t .
b . ) Computer r a y - tra c e  modeling has a ided  in  id e n t i f ic a t io n  of 
frequency and s p a t i a l  re so lu tio n  l im ita tio n s  p resen t in  most petroleum  
seism ic d a ta . For more d e ta i le d  mapping of very th in  (5 -  70 m ete rs), 
in te n se ly -fo ld e d  in te rb e d s  a t  depths of le s s  than 750 m eters, freq u en c ies  
on th e  o rder of 500 to  1000 h e r tz  and su rface  a rray  leng ths of le s s  than  
350 m eters a re  recommended. Furtherm ore, co n s id e ra tio n  should be given 
to  b u r ia l  of both  th e  source and re c e iv e r  a rray s  in  order to  a tte n u a te  
su rface  r e la te d  n o ise .
Ci) C o rre la tio n  of th e  r e f le c t io n  seism ic  d a ta  w ith a v a ila b le  
w ell d a ta  and su rface  geology in  th e  a rea  of th e  s a lt- c o re d  a n t ic l in e s  
in  th e  Paradox basin  of so u th easte rn  Utah in d ic a te s  a  complex s t r u c tu r a l ly  
i n i t i a t e d ,  basement f a u l t  c o n tro lle d  piercem ent s a l t  d ia p ir  whose upward 
momentum was in fluenced  by contemporaneous d ep o sitio n  of Permian co n tin ­
e n ta l  e l a s t i c s  in  th e  ad jacen t sy n c lin es  formed by removal of th e  s a l t .  
Collapse f a u l t in g  due to  so lu tio n  n ear th e  c re s ts  o f th ese  d ia p ir s  i s  
re sp o n s ib le  fo r  d is to r t io n  of th e  seism ic response.
c . ) Evidence e x is ts  th a t  th in  in te rb ed s  of an h y d rite , dolom ite 
and b lack  sh a le  a re  mappable e i th e r  as anomalous am plitudes due to  b u ried
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fo cu sin g  or as s h o r t ,  d iscon tinuous segments. Computer modeling of fo lded  
th in  beds in  s a l t  confirm s bo th  of th ese  as p o ss ib le  causes fo r  th e  i n t r a ­
s a l t  seism ic response observed on th e  seism ic r e f le c t io n  p r o f i le s .
d. ) The seism ic s ig n a tu re s  from th e  in te rb ed s , can be p re d ic ted  
from computer s im ulation  of th e  subsurface geometry and aco u s tic  p ro p e r tie s .  
For im pulsive source d a ta , a minimum phase wavelet i s  a  good approxim ation 
to  th e  expected s ig n a tu re . • However, as th e  th ick n ess  of th e  in te rb e d  
approaches th e  perio d  of th e  assumed w avelet, in te rfe re n c e  between th e  
r e f le c t io n s  from th e  two ad jacen t aco u stic  boundaries ( in te rb e d  to p  and 
bottom) d i s to r t s  th e  s ig n a tu re  and a  symmetric response r e s u l t s .
e . )  Refinements of e x is t in g  seism ic r e f le c t io n  methods and . 
in te g ra tio n  w ith o th e r geophysical techniques should allow  more d i r e c t  
id e n t i f ic a t io n  o f  th e  in te rb e d s  in  s a l t .  These methods should in c lu d e :
1 .)  V e r tic a l seism ic  p ro f i l in g .
2 . )  A shallow , s h o r t - o f f s e t ,  h ig h -m u lt ip l ic i ty , h igh- 
frequency seism ic r e f le c t io n  survey.
3 . )  A d e ta i le d  borehole survey.
f . )  R esu lts  of t h i s  study may provide g u id e lin es  fo r  an informed 
approach to  o th e r geophysical problems re q u ir in g  d e ta i le d  mapping of th in ,  
high ac o u s tic  impedance c o n tra s t  lay e rs  in  a  homogeneous medium.
T 1882 78
REFERENCES
Anstey, N. A ., 1966, C o rre la tio n  d isp lay  p in p o in ts  seism ic m u ltip le s : 
Seismograph S erv ice  L im ited, in te rn a l  p u b lic a tio n , I2p.
Balk, R obert, 1$&9» S tru c tu re  of Grand S a lin e  s a l t  dome, Van Zandt 
County, Texas: Amer. Assoc. Petroleum G eolog ists  B u ll. ,  V. 33*
no. 11 , p. 1791-1829.
B arton , D. C ., 1933> Mechanics of form ation of s a l t  domes w ith s p e c ia l  
re fe re n c e  to  Gulf Coast s a l t  domes of Texas and Louisiana: Amer.
Assoc. Petroleum  G eo log ists  B u l l . ,  V. 17» p. 1025-1083.
B io t. M. A ., 1964, Theory of in te rn a l  buckling  of a  confined m u ltilay e red  
s tru c tu re :  G eol..Soc. America B u l l . , V. 75» P« 563“568.
C ater, Fred ¥ . ,  1970, Geology of th e  S a l t  A n tic lin e  Region in  sou th ­
w estern Colorado: U. S. Geol. Survey P ro f. Paper 637» 80p.
C hristensen , Dean M., 1966, The determ ination  of iz is itu  e la s t i c  p roper­
t i e s  of rock s a l t  w ith a 3"<linensional v e lo c ity  lo g , in  Second 
Symposium on S a lt :  N orthern Ohio Geol. Soc. ,  V. 2, p. 104-115*
C laerbout, Jon F . , 197&, Fundamentals of geophysical d a ta  p rocessing : 
McGraw-Hill Book Co. , I n c . , 274p.
E ls to n , D. P . ,  and Landis, E. R ., 19^0, P re -C u tle r  unconform ities and 
ea rly  growth of th e  Paradox V alley and Gypsum V alley s a l t  a n t i ­
c l in e s ,  Colorado, in  Short papers in  th e  g e o lo g ic a l sc ien ces:
U. S. Geol. Survey P ro f. Paper 400-B, p. B261-B265 .
Evans, R obert, and Linn, Kurt 0 . ,  1970, Fold r e la t io n s h ip s  w ith in  evap- 
o r i te s  of th e  Cane Creek a n t ic l in e ,  Utah, in  T h ird  Symposium on 
S a l t :  N orthern Ohio Geol. S o c ., V. 1, p. 286-297*
G a l 'p e r in , E. I . ,  197^» V e r tic a l  seism ic p ro f i l in g s  SEG S p ecia l pub­
l ic a t io n ,  no. 1 2 , 27Op.
G ardner, G. H. F . ,  Gardner, L. V ., and Gregory, A. R. , 197^» Formation 
v e lo c ity  and d en sity  - th e  d iag n o stic  b as ic s  f o r  s tr a t ig ra p h ic  
t r a p s :  Geophysics, V. 39» no. 6 , p. 770-780.
Geyer, Robert L . , 1970, The V ibroseis  system of se ism ic  mapping: Jo u r­
n a l of th e  Canadian S ociety  of E xploration  G eo p h y sic ists , V. 6 , 
no. 1 , p. 39-57.
T 1882 79
Gussow, W illiam  C ., i 960 S a l t  d iap irism j importance of tem perature and
energy source of emplacement, in  D iapirism  and D iap irs  -  a Symposium; 
memoirs* Amer. Assoc, of Petroleum G eo log ists , I 968 , p. 16-52.
Guu, Jeng-Yih, 1975» S tu d ies  of seism ic guided waves: th e  c o n tin u ity  of 
coal, seams: Colorado School of Mines T hesis , 85 p.
H ite , R. J . ,  i 960 , S tra tig ra p h y  of th e  s a lin e  fa c ie s  of th e  Paradox Mem­
b er of th e  Hermosa Formation of so u th easte rn  Utah and southw estern 
Colorado, in  Geology of th e  Paradox basin  fo ld  and f a u l t  b e l t :
Four Com ers Geol. Soc. Guidebook 3rd F ie ld  Conf., i 960 , p. 86- 89 .
•________  1961, P o tash -bearing  ev ap o rite  cycles  in  th e  s a l t  a n t ic l in e s
of th e  Paradox b a s in , Colorado and Utah, in  Short papers in  th e  
geologic and hydro log ic  sc ien ces: U. S. Geol. Survey P ro f. Paper' .
424-D, p. D135-Dl38.
H ite , R. J . ,  and Lohman, S. W., 1973» Geologic a p p ra isa l of Paradox basin  
s a l t  d e p o s its  fo r  waste emplacement: U. S. Geol. Survey O pen-file
R eport, 75p.
Kupfer, Donald H ., 1965> R e la tio n sh ip  of in te rn a l  to  e x te rn a l s tru c tu re  
of s a l t  domes, in  D iapirism  and D iap irs  - a Symposium; memoirs:
Amer. Assoc, of Petroleum  G eo lo g ists , 1968 , p. 172-181.
____________  1974, Shear zones in  Gulf Coast s a l t  d e lin e a te  sp in es  of
movement, in  T ransactions -  Gulf Coast A ssociation  of G eological 
S o c ie tie s ,  V. 24, p. 197-208.
LeFond, S tan ley  J . , 1969» Handbook of world s a l t  re so u rces: Plenum
P ress , p. 21.
Levinson, N ., 19^7> The Wiener RMS (ro o t mean square) e r ro r  c r i te r io n  in  
f i l t e r  design and p re d ic tio n : Jo u rn al of Mathematics and P hysics,
V. 25, P. 261- 278 .
L indseth , Roy 0 . ,  1967» The n a tu re  of d i g i t a l  seism ic p rocessing : Journal
of th e  Canadian Socie ty  of E xploration  G eophysic ists, V. 3» no. 1,
p. 31-111.
N e ttle to n , L. L . , 193^» F lu id  mechanics of s a l t  domes: Amer. Assoc.
Petroleum G eolog ists  B u l l . , V. 18, no. 9» P» 1175-1204.
P e te rso n , James A ., and Ohlen, Henry R. , 1963» Pennsylvanian s h e lf  c a r­
bonates , Paradox b a s in , in  S helf Carbonates of th e  Paradox Basin:
Four Comers Geol. Soc. -  A Symposium 4 th  F ie ld  Conf., p. 65-79*
R ick er, N ., 1953» The form and laws of propagation of seism ic wavelets* 
Geophysics, V. 18, no. 1, p. 10-40.
T 1882 80
R ieb er, Frank, 1937» Complex r e f le c t io n  p a tte rn s  and t h e i r  geologic 
sources: Geophysics, V. 2, no. 2, p. 132-160.
S h e r if f ,  R. E . , 1973t Encyclopedic d ic tio n a ry  of ex p lo ra tio n  geophysics: 
S ocie ty  of E xp lo ration  G eophysic ists, 266p.
S lo tn ic k , M. M., 1936, On seism ic computations w ith a p p lic a tio n s , I :  
Geophysics, V. 1, no. 1 , p . 9-22.
S tone, Dale G ., 1973» Pulse compression fo r  seism ic d a ta : C ontribu tion
to  European Assoc, of E xploration  G eophysic ists , 35th annual meet­
in g , June 1973» (p re p r in t) .
Tanner, W. F . , and W illiam s, G. K ., 1965, Model d ia p i r s ,  p l a s t i c i t y  and 
te n s io n , in  D iapirism  and D iap irs  -  a Symposium; memoirs: Amer.
Assoc, of Petroleum G eo lo g ists , 1968, p. 10-15.
T r e i te l ,  Sven, Shanks, John L. , and F ra s ie r ,  C lin t W., I 967 , Some a s ­
p ec ts  of fan  f i l t e r i n g :  Geophysics, V. 32, no. 5*» P* 789-800.
W illiam s, Emyr, 1981, The deform ation of confined , incompetent la y e rs  , 
in  fo ld in g : Geol. Magazine, V ..98 , no. k, p . 317-323*
Wuenschel, P au l, C ., 1976, The v e r t ic a l  a rray  in  r e f le c t io n  seismology - 
some experim ental s tu d ie s :  Geophysics, V. ^1 , no. 2, p. 219-232.
